DNAzymes are catalytically active DNA molecules that are obtained via in vitro selection. RNA-cleaving DNAzymes have attracted significant attention for both therapeutic and diagnostic applications due to their excellent programmability, stability, and activity. They can be designed to cleave a specific mRNA to down-regulate gene expression. At the same time, DNAzymes can sense a broad range of analytes. By combining these two functions, theranostic DNAzymes are obtained. This review summarizes the progress of DNAzyme for theranostic applications. First, in vitro selection of DNAzymes is briefly introduced, and some representative DNAzymes related to biological applications are summarized. Then, the applications of DNAzyme for RNA cleaving are reviewed. DNAzymes have been used to cleave RNA for treating various diseases, such as viral infection, cancer, inflammation and atherosclerosis. Several formulations have entered clinical trials. Next, the use of DNAzymes for detecting metal ions, small molecules and nucleic acids related to disease diagnosis is summarized. Finally, the theranostic applications of DNAzyme are reviewed. The challenges to be addressed include poor DNAzyme activity under biological conditions, mRNA accessibility, delivery, and quantification of gene expression. Possible solutions to overcome these challenges are discussed, and future directions of the field are speculated.
Introduction
Theranostics refers to combining disease diagnosis and therapy in one molecular package, which overcomes undesirable differences in bio-distribution when performed separately [1, 2] . The improved nanomaterials synthesis and bioconjugation has also boosted the development of this field. While many strategies have been explored to achieve this goal, artificial enzyme mimics have emerged as a promising direction for theranostics. Enzymes catalyze bio-related chemical transformations with catalytic turnovers, allowing signal amplification. If the reactions are designed to intervene disease-related processes and molecules, they can also achieve therapeutic effects. Using enzyme mimics instead of natural protein-based enzymes has a few important advantages. 1) Foreign proteins might elicit immune responses.
2) The production of protein enzymes usually requires fermentation with a high cost and the products are easily contaminated.
3) It is difficult to label proteins at specific sites, making in-situ production of signal quite challenging. Over the past few decades, many small molecules, polymers and nanomaterials have been studied to mimic a diverse range of enzymes [3] [4] [5] . Among them, DNAzymes (DNA-based catalysts) are particularly attractive [6] [7] [8] [9] .
The biggest advantage of DNAzymes for theranostics probably is amenability to combinatorial selection. Different DNAzymes can be evolved in vitro to fit specific needs, and this is more difficult to achieve for other catalytic molecules or nanomaterials. In addition, DNA is highly programmable and easy to modify and label with very low immunogenicity. Therefore, it is quite easy to rationally design DNAzyme sequences for theranostic applications. It is also straightforward to
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The first DNAzyme was reported in 1994 for RNA cleavage [10] . Since then, many different types of DNAzymes have been reported, catalyzing RNA/DNA cleavage, ligation, and phosphorylation, and other reactions [9, 11] . Among them, RNA-cleaving DNAzymes have been extensively used as biosensors [6] [7] [8] [9] , and they can also be used as therapeutic agents, thus fitting the need of theranostics. Figure 1 shows the cartoon of using such a DNAzyme for cleaving an mRNA, in which the 2′-hydroxyl group acts as internal nucleophile to attack the adjacent phosphodiester bond to initiate the cleavage reaction. The DNAzyme can be directed to the specific cleavage site by designing the substrate binding arms. Selective cleavage of viral RNA and oncogene related mRNA is quite useful for anti-viral and anti-cancer applications, respectively. It is also possible to use the same RNA molecule to produce fluorescence signal for its detection.
Reviews on RNA-cleaving DNAzymes have been published to cover various aspects such as for analytical applications [6, 7] , nanotechnology [12] , and chemical biology [8, 9] . Herein, the scope of this review is on their detection and therapeutic applications for in vitro and in vivo biochemical and biomedical studies. Therefore, we mainly cover those DNAzymes that can work in physiological conditions.
In vitro selection of DNAzymes
So far, no DNAzymes have been found in nature. This is not surprising since most DNAs in cells are double-stranded while the catalytic core of DNAzymes is typically single-stranded. Therefore, DNAzymes are enzyme mimics. All reported DNAzymes were isolated using a combinatorial biology technique called in vitro selection. To understand this process, an example of in vitro selection of RNA-cleaving DNAzymes is briefly introduced here ( Figure 2 ) [10] . The initial selection library contains a 60-nucleotide random region, flanked by two constant regions for PCR primer binding. A typical library contains ~10 14 random DNA sequences. The library also contains at least a ribonucleotide as the putative cleavage site. In this particular example, a ribo-adenine (rA) is used. A ribonucleotide is ~10 6 -fold more liable to cleavage than deoxyribonucleotides [13] . At the 5′-end of this DNA, a biotin is labeled to immobilize the library on a streptavidin column. In the presence of a metal ion, a small fraction of the library that can fold into an active structure are cleaved at the rA site and released from the column. The cleaved products are amplified by two rounds of PCR to regenerate the library to seed next round of selection. PCR1 is used to produce the full-length of library and the PCR2 is for introducing the rA cleavage site and biotin tag. The iterative process is typically repeated for 5-10 rounds until the activity of the DNA pool reaches a plateau, and the library is then sequenced to identify the most active sequences.
Since the initial report of this protocol in 1994, significant advances have been made on DNAzyme selection, although the basic working principle remains the same: cleavage, separation and amplification. Separation methods that rely on denaturing polyacrylamide gel electrophoresis (dPAGE) have also been commonly used [14, 15] . Thanks to the development of DNA synthesis technique, fluorophore labels can be readily attached to the library to follow the progress of selection, avoiding the use of radio-isotopes. In addition, incorporation of a fluorophore/quencher pair right next cleavage site was reported to synchronize the cleavage reaction with fluorescence signaling [16] . A basic scheme of in vitro selection. The rA denotes ribo-adenine and the circled B denotes biotin moiety. The sequences that can cleave the rA bond in the presence of the added metal ions is harvested and amplified by PCR. The biotin is needed for library immobilization so that the negative strand after PCR can be washed away to generate the single-stranded DNA library. In addition, it allows the separation of the cleaved DNA from the rest of the library.
A key advantage of in vitro selection is that DNAzymes can be isolated under physiological conditions or even using biological fluids directly to ensure their activity for the intended applications [17] . On the other hand, extreme conditions such as high temperature or low pH can be used for other tailored applications [18, 19] . In addition, the selection library can be designed to fine-tune the function of DNAzymes. For instance, with the above single ribonucleotide bearing library, the DNAzymes are obtained for cleaving RNA/DNA chimera substrates, which is preferred for analytical applications. For mRNA cleavage, on the other hand, the library should contain a long stretch of RNA sequence, so that the resulting DNAzymes are able to cleave all-RNA substrates [20] .
Some representative DNAzymes
Over the past 22 years, many RNA-cleaving DNAzymes have been isolated for various purposes. As such, different ways can be used to classify the reported DNAzymes. For example, DNAzymes can be classified based on their metal ion cofactors. Metal ions are an indispensable part of DNAzyme catalysis, especially divalent metal ions. For environmental monitoring, many selections were intentionally carried out in the presence of certain heavy metal ions. For biomedical applications, the metal ions of interest are Na + , K + , Mg 2+ , and Ca 2+ . Most other metal ions, although they can be effective cofactors, do not exist in a high concentration in blood or cells. Thus they are unlikely to be useful for this purpose. In addition, DNAzymes can be classified as cleaving all-RNA or a single RNA embedded in a chimeric DNA substrate. Finally, DNAzymes can be classified to contain only natural nucleotides or with modified ones. Modified nucleotides expand the chemical functionality of DNA and they may enhance the cleavage rate, but they complicate the selection process and make DNA synthesis much more expensive.
Here, we briefly review a few DNAzymes that might be of interest to the theranostic community with a historical perspective. The first DNAzyme was isolated in 1994 for cleaving a single RNA linkage in a chimeric substrate using Pb 2+ [10] . It was later confirmed by Lu and co-workers that it is extremely specific for Pb 2+ [21] . This DNAzyme is highly efficient with a rate >10 min -1 [22] , but apparently it is not useful for cleaving cellular RNA since it is only active with Pb 2+ and cannot cleave all-RNA substrate.
In 1997, the landmark work by Santoro and Joyce made the community very excited [20] . The 10-23 and 8-17 DNAzymes reported in this paper can cleave full-RNA substrates in the presence of Mg 2+ ( Figure 3A , B). At high Mg 2+ concentrations, the 10-23 DNAzyme can rival protein enzymes in terms of catalytic efficiency defined by k cat /K m . One notable merit of the 10-23 is that it cleaves all purine-pyrimidine junctions, which offers excellent flexibility to target specific sites in an RNA sequence. Due to its high catalytic efficiency, general substrate cleavage junctions and small size, this DNAzyme have been extensively exploited for in vitro and in vivo therapeutic applications.
The substrate tolerance was reported to be less versatile for the 8-17 DNAzyme, which requires a G•T wobble pair next to the cleavage site ( Figure 3B ) [20] . Later, it was reported that it can cleave most of the dinucleotide junctions, although the efficiency can vary a few orders of magnitude [23] . Further studies suggested that the 10-23 DNAzyme is a variant of the 8-17 [24] . We reported that the 8-17 is even faster than the 10-23 for cleaving chimeric substrates in the presence of Mg 2+ [25] . The 8-17 motif has been repeated selected by several labs using Zn 2+ [26] , Mg 2+ [27, 28] , Ca 2+ [17, 28] , Cd 2+ [29] , and other conditions with the best activity observed with Pb 2+ [30] . Its recurrence has been attributed to the small size, high tolerance to mutations, and high activity [27] . Because of their importance, works on rational modification of these DNAzymes were reported to improve its activity [31, 32] . In 2001, a new DNAzyme named Bipartite II was reported by Sen to cleave full-RNA substrate, with a k cat of ~1.4 min -1 at 30 mM Mg 2+ ( Figure 3C ) [33] . Since its activity is lower, its applications were not widely explored.
After these early attempts, the selection of DNAzyme for all-RNA substrate was rarely performed later (except some studies using modified nucleotides). Instead, most selections were performed to cleave RNA/DNA chimeric substrates for analytical or nanotechnology applications. A few Mg 2+ -dependent DNAzymes were isolated, but their activities were quite low [34] . Many interesting progresses were made by using transition metal ions [7, 11, 35] . Many DNAzymes were reported to use Zn 2+ [26, 36] , UO 2 2+ [14] , Cu 2+ [37] , Cd 2+ [29, 38] , Hg 2+ [39] , and Ag + [40] . We also isolated a series of lanthanide-dependent DNAzymes [15, [41] [42] [43] . However, since most of these metals do not exist in high concentrations in biological fluids, their biomedical applications are unlikely to be fruitful and are not further discussed here.
Recently, a few new DNAzymes have been discovered to use physiologically relevant metals. For example, Lu and coworkers reported a highly specific Na + -dependent DNAzyme named NaA43 ( Figure 3D ) [44] . It is quite active under physiological concentration of Na + , and can reach a rate of 0.1 min -1 in presence of 400 mM Na + alone with exceptional Na + specificity. This DNAzyme was then used to design a biosensor for intracellular Na + imaging. Interestingly, the NaA43 shared a stretch of 16 nucleotides in this catalytic core with a lanthanide-dependent DNAzyme we reported, named Ce13d ( Figure 3E ) [15] . Through detailed characterization, NaA43 and Ce13d contain the same Na + binding aptamer in their structures, and their identical sequence is important for Na + binding [45, 46] . The Na + binding aptamer in the Ce13d was further dissected by various biological and spectroscopic techniques, by which the aptamer was found to have a K d value of 20-40 mM Na + [47, 48] .
We also isolated another Na + -dependent DNAzyme called EtNa ( Figure 3F ), which however requires molar concentration of Na + to achieve fast cleavage in water [49] . It can be accelerated by organic solvents. With 50% EtOH, its rate is ~0.04 min -1 , but the involvement of organic solvents renders it unsuitable for in vivo applications. Interestingly, it is quite active with Ca 2+ in water. With 2 mM Ca 2+ , it has a rate of 0.07 min -1 .
By observing the six DNAzymes presented in Figure 3 , they all have a very similar overall structure. The enzyme strands recognize their substrates by the two substrate binding arms, which can be arbitrary sequences as long as the base pairing interactions are maintained. This offers excellent flexibility for targeting specific regions in RNA. Another feature is that the cleavage activity of DNAzymes can be specifically tested by using inactive mutants. Most DNAzymes can be inactivated by making a single point mutation to a critical nucleotide [30, 50] . This does not change its structure or binding affinity to the substrate, but fully abolishes its activity. This property is valuable to rigorously test the mechanism of gene inhibition in cells (vide infra). Finally, the effect of DNAzymes can be inactivated in vivo by adding antidote, which is a simple sequence fully complementary to the DNAzyme sequence. This concept has been demonstrated in aptamer binding [51] [52] [53] , and it should also be applicable to DNAzymes. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ; (C) Bipartite II. These three DNAzymes are able to cleave all-RNA substrates, which can be used as therapeutic agents for intracellular RNA cleavage. The (D) NaA43; (E) Ce13d; and (F) EtNa DNAzymes can only cleave a single RNA embedded DNA substrate, which is mainly for sensing applications. The arrowheads denote cleavage site. The "rA" denotes the single ribo-adenosine linkage. The identical nucleotides in NaA43 and Ce13d catalytic core are highlighted in red. These DNAzymes can all use or interact with physiologically important metal ions including Mg 2+ , Ca 2+ , and Na + .
Cleaving RNA for therapeutic applications
Numerous oligonucleotide-based biopharmaceuticals have been tested for gene therapy, such as anti-sense oligonucleotides, small interfering RNAs (siRNAs), ribozymes and DNAzymes. Their main targets are mRNA, and the key steps involve mRNA recognition and cleavage. Recognition of mRNA relies on hybridization. The size of the human genome is about 3 billion base pairs, which is roughly equal to 4 16 . Therefore, in principle, it is possible to specifically recognize a particular segment in any RNA by designing a 16-nucleotide sequence. This length is quite comparable with all of above oligonucleotides-based technologies.
The mRNA cleavage mechanisms, on the other hand, are quite different among them, as summarized in Figure 4 . For antisense oligonucleotides, Ribonuclease H (RNase H) is involved to bind and cleave mRNA after hybridization. While the concept is quite simple, the efficiency is quite moderate. The siRNA method also carries out mRNA cleavage but with a more complicated pathway. A siRNA is a class of double-stranded RNA with 2-3 nt overhangs at the 3′-end of each strand, in which one strand (the guide strand) is complementary to target mRNA. After entering cells, the double-stranded siRNA unwinds and the guide strand is incorporated into a nuclease-containing multi-protein complex (called RNA-induced silencing complex, RISC), which cleaves the mRNA. The efficiency of siRNA is much higher than anti-sense oligonucleotides. Due to the intrinsic catalytic activity, ribozymes and DNAzymes are capable of cleaving mRNA independent of endogenous nucleases. In this regard, they have the advantage to bypass cellular machineries. In addition, DNA is more cost-effective and stable compared to RNA-based reagents.
The efficacy of ribozymes for mRNA cleaving therapeutics has been demonstrated in several cases, and a few vector-expressed or synthetic ribozymes have entered phase I/II trials, exhibiting good bioavailability and biocompatibility [56, 57] . Compared to ribozymes, DNAzymes are more cost-effective, easier to synthesis, more stable and can be easily labeled, presenting a better candidate for such applications. So far, DNAzymes have showed potential as therapeutic agents for various diseases, such as antiviral, antibacterial, anti-cancer and anti-inflammatory [58] [59] [60] , as well as atherosclerosis [61] . DNAzyme was initially tested for the HIV RNA cleavage in vitro [20] . In one study, Tandom and coworkers designed a 10-23 DNAzyme against the HIV-1 integrase gene, which is responsible for the integration the HIV-1 genome into the host DNA [62] . The DNAzyme was tested with transiently transfected cell, which showed 70-80% of HIV integrase protein inhibition. Wu et al reported the first example of using DNAzymes for anti-cancer treatment by targeting the bcr-abl oncogene, which is associated with chronic myelogenous leukaemia [63] .
In vitro experiments showed that the DNAzyme can efficiently cleave the target, while the inactive DNAzyme mutant (with a single critical nucleotide mutation) failed to produce activity. After delivery into cell, the DNAzyme inhibited the related protein expression by 40%, and inhibited cell growth by >50% after 6 days. The efficacy of the DNAzyme was also demonstrated using freshly isolated cancer cells from patients. DNAzyme was also designed to treat [54, 55] . In each case, target specificity is achieved by hybridization, but the cleavage mechanisms are different.
Epstein-Barr virus (EBV) infection by targeting the gene of the latent membrane protein (LMP1), a key protein in EBV-mediated carcinogenesis [64] . The DNAzyme down regulated the LMP1 expression and inhibited cellular signal transduction activated by LMP1. Combined with radiation treatment, the DNAzyme significantly induced apoptosis of the target cells, and the tumor size reduced by 60% in a disease-bearing mouse model. Given that more than >50 targets were demonstrated using the 10-23 DNAzyme alone, and the number is even greater than that with other DNAzymes [58, 65, 66] , we do not intend to review them one-by-one. They all share the same strategy of gene silencing. While many promising applications have been reported, no FDA approved DNAzyme-based drugs have made their way to the market yet. This indicates a few challenges in this field. DNAzymes have not reached the same stage of development compared to other gene silencing techniques. Here, we try to provide some thought on this front that might be useful for future developments.
Concerns of DNAzyme in vivo activity. First, concerns on the activity of DNAzymes have been raised by the community. Most of the current DNAzymes achieve high activity with a metal concentration much higher than that available in cells. For example, most biochemical assays on the 10-23 DNAzyme involved 50 mM Mg 2+ , while the intracellular Mg 2+ concentration is below 2 mM. Under this condition, its activity is quite low (essentially cannot be measured in some reports). One study even concluded that the effect of 10-23 DNAzyme on gene silence is simply due to antisense contribution instead of cleavage [67] . We measured both the anti-sense and cleavage effect of the 8-17 DNAzyme for an extracted mRNA, and found that the role of DNAzyme depends on its relative activity [25] . In the presence of Mg 2+ , only the antisense effect was observed, while upon addition of Zn 2+ , the cleavage activity of the 8-17 DNAzyme dominated, which is attributable to its preferential activation with Zn 2+ . This also indicates that one needs to be extremely careful when DNAzymes are used for gene silencing, and control experiments using inactive DNAzyme mutants are needed before drawing a conclusion. In addition, due to the complex intracellular conditions, such as molecular crowding and proteins that might bind DNAzymes [68] [69] [70] , DNAzymes that work in buffer may turn out to be inactive in vivo, which may also contribute to inconsistent results.
Several methods can be used to achieve more active DNAzymes. The most standard method is to tune the selection pressure. As was mentioned above, in vitro selection condition can be tailored to push DNAzymes with desired properties. By decreasing metal concentration during selection step, novel DNAzymes that function optimally under physiologically relevant conditions might be obtained [71] . This idea however is complicated by the tyranny of the 8-17 motif, masking other DNAzymes [72] . We recently isolated the Ca 2+ -dependent EtNa DNAzyme accidentally in isopropanol [49] . Under this condition, the 8-17 DNAzyme is inactive. Therefore, if the 8-17 can be suppressed, it is still possible to obtain new and faster DNAzymes. Since the 8-17 DNAzyme is only active with divalent metal ions, chelators such as EDTA would be a simpler solution to mask this tyranny motif if the selection is performed for monovalent metal ions. Indeed, EDTA has been employed during the selection of the Na + -specific NaA43 DNAzyme [44] .
Compared to the twenty amino acids, the four nucleotides have quite limited chemical diversity. To improve the functionality of DNAzymes, modified nucleotides have also been incorporated into the selection library. Perrin and coworkers initially modified the DNA library with imidazoles and cationic amines, and isolated an RNase A mimicking DNAzyme with a kcat of ~0.045 min -1 in its cis-form (in presence of 200 mM Na + ) [73, 74] . Later, they introduced an additional cationic guanidine group and identified an even faster DNAzyme with a rate of 0.134 min -1 with 200 mM Na + [75] . This DNAzyme is faster than the above NaA43, indicating an improvement over the unmodified catalysts. This method can also be used for selecting DNAzymes for cleaving all-RNA substrate. For example, Williams and coworkers reported a DNAzyme incorporating imidazolyl and amino groups that can recognize and cleave a 12-nt RNA substrate with rate of 0.07 min -1 in 200 mM Na + [76] . More recently, Perrin group collectively used imidazole, ammonium, and guanidinium groups and isolated a DNAzyme with a comparable rate [77] . A few challenges have limited the use of such modified DNAzymes. First, most of the modified nucleotides are not commercially available right now, making it inaccessible to many other laboratories. In addition, these modified nucleotides cannot be incorporated into DNA through the standard PCR process, thus complicating the selection process. An alternative method for extending the chemical functionality of DNA is to use the artificially expanded genetic information system (AEGIS) developed by Benner and co-workers [78] . In the AEGIS system, other pairs of nucleotides have been added to the four standard nucleotides to form orthogonal base pairs, and they can all copied by certain polymerases using PCR. This idea has been successfully applied for aptamer selections, which demonstrates its power in the evolution of functional nucleic acid with better functionalities [79] . Since DNA might be degraded by various enzymes in biological fluids, increasing the stability of DNAzyme is also helpful for sustaining its efficacy.
In addition to searching for new DNAzymes with higher activity, it is also possible to co-deliver DNAzymes and metals to cell to increase the local concentration of certain metal ions and thus enhance DNAzyme activity. For example, Tan and coworkers reported a DNAzyme-MnO2 nanosystem for gene-silencing therapy [80] .
Target RNA accessibility. Another issue that needs to be taken into consideration is the accessibility of the target site in mRNA. Sometimes an intended recognition region in mRNA may be unavailable for DNAzyme due to folding of the mRNA. Indeed, it is reported that only ~10% of possible sites in mRNA is readily cleaved by DNAzyme [81, 82] . In a typical assay in buffer, annealing is the first step for DNAzyme activity test to ensure the appropriate binding of the substrate, but this is unlikely to be possible in vivo. To address this problem, one feasible way is to screen the entire length of the target RNA to find the most efficient site [81] . However, this trial-and-error process is quite cumbersome, and each DNAzyme or mRNA has to be tested individually. For a given mRNA and DNAzyme, it is also possible to perform a combinatory selection to search for optimally accessible cleavage sites by fixing the catalytic core and randomizing the target binding regions [83] . Alternatively, a simpler solution is to modify the substrate binding regions of DNAzymes with 2′-O-methyl or locked nucleic acid (LNA) to enhance the base pair binding affinity, which can compete the internal structures for mRNA binding [84, 85] .
Quantification of gene suppression. Finally, to quantify the therapeutic efficacy, it is often required to measure the fraction of mRNA cleavage. The most common way is based on real-time PCR, which is performed by reverse transcribing the mRNA into cDNA for PCR amplification. In most cases, the reverse transcription step is performed using a poly-T primer that can copy all mRNA with a poly-A tail. Thus, the target mRNA is mixed with thousands of other RNA. The specificity relies on the PCR primer. Therefore, one way to improve is to also design specific primers for reverse transcription. Even for the PCR quantification itself, quite a few potential pitfalls need to be noted. To account for the difference in cell density, a robust internal standard (usually a house keeping gene) needs to be measured at the same time. In addition, a suppression of 50% gene expression is reflected only in one cycle of difference in the PCR, which has really limited the sensitivity of this method. Therefore, complementary methods such as Western blotting should also be carried out. The situation becomes even more complicated in animal models, requiring carefully designed controls.
Involving nanomaterials. Despite these challenges, an important advantage of DNA is that it can be readily conjugated to various nanomaterials, much easier than RNA or proteins. Nanomaterials have been the main players in the theranostics field. DNA can be attached either via physisorption or by covalent conjugation. It has been demonstrated that a high density of DNA on a nanoparticle can form an interesting conjugate that can be internalized by many cells and even penetrate the skin barrier [86] [87] [88] . Nanomaterials can also retard DNA degradation by nucleases [89] . Using nanomaterials to deliver DNAzymes has been demonstrated in a few cases using gold nanoparticles (AuNPs) [90] [91] [92] , graphene oxide (GO) [93] , and MnO2 nanosheets [80] .
DNAzymes for diagnosis
While the field of DNAzyme started with the goal of RNA cleavage, its analytical applications have been studied much more. Using RNA-cleaving DNAzymes alone has enabled the detection of many different analytes, especially metal ions. Such DNAzymes are mainly from direct combinatorial selection. In addition, by incorporating aptamers to make aptazymes, many more analytes can be detected. We summarize their biomedical relevance analytical applications below based on the type of analyte.
In vitro metal sensing
Metal ions are essential elements for human life, and their concentrations represent an important index for medical diagnostics. For example, a high blood Na + concentration is associated with high blood pressure and water retention, while Ca 2+ is highly important for biological signaling. Therefore, metal sensors have been long sought. While small molecule chelator and protein based sensors have been developed [94] , RNA-cleaving DNAzymes have emerged as a new platform for this purpose. The initial idea was reported by Li and Lu using the 8-17 DNAzyme for Pb 2+ detection [95] . Since then, we have witnessed a large growth of publication on metal sensing using DNAzymes [6, 96, 97] . The most common design principle is to label a fluorophore and a quencher at substrate and enzyme, respectively ( Figure 5A ). After hybridization, the fluorescence is quenched due to the close proximity to the quencher. In the presence of the target metal, the substrate is cleaved and the fluorophore bearing fragment releases from its quencher, resulting in fluorescence recovery. Typically, the fluorescence is monitored as a function of time, and the rate of fluorescence increase is proportional to metal concentration, allowing for quantification. Over the years, many variations of the design have been reported by changing the position and number of fluorophore/quencher [97] .
For intracellular metal detection, attaching DNAzymes on the surface of AuNPs is quite attractive, due to its high fluorescence quenching efficiency and ability to enter cell. As a proof-of-concept, Lu and coworkers adsorbed a uranyl-specific DNAzyme on AuNPs for uranyl ion imaging in living cells [90] . The substrate was labelled with an additional quencher to ensure a very low background ( Figure 5B ). The sensor can detect low micro molar UO2 2+ in buffer and image 100 μM UO 2 2+ in living cell, while the inactive mutant DNAzyme showed much less intracellular fluorescence. Tang and coworkers similarly adsorbed two DNAzymes on the same nanoparticle for simultaneous imaging Zn 2+ and Cu 2+ in living cells, which can detect metal concentration lower than 2 μM [98] .
To avoid non-specific cleavage of the substrate strand for intracellular imaging, a breakthrough was made recently using the caged DNAzyme. A caged DNAzyme refers to capping and inactivating the DNAzyme with a photolabile molecule. Upon a brief irradiation at a certain wavelength, the caging group peels off, accompanied by recovery of the DNAzyme activity. With this strategy, the dynamic function of DNAzyme can be controlled in a temporal and spatial fashion through convenient light exposure. The method was developed by Deiters and coworkers to precisely control gene expression [67] . Later, it is found that this technique is useful for intracellular sensing. For example, the Lu group first reported a general and effective method to cage DNAzyme by modification of scissile 2′-OH group, which was applied for intracellular imaging of Zn 2+ and Pb 2+ [99] . More recently, Xiang and coworkers reported another facile strategy to synthesize caged DNAzymes, and this method was implemented to the 8-17 DNAzyme for intracellular Zn 2+ sensing [100] .
While the concept has been demonstrated, the physiological relevance of these studies is modest due to the low abundance of these transition metals in biology. Recently, the Lu group made an exciting advancement with the discovery of a highly sensitive Na + -dependent NaA43 DNAzyme for intracellular Na + sensing by using the caged DNAzyme strategy [44] . The sensor showed minimal fluorescence after entering cell, indicating DNAzyme remained intact during delivery process. Upon irradiation to uncage the DNAzyme and the influx Na + into cell, the fluorescence gradually increased over 30 min, while with the same treatment, an inactive DNAzyme showed little fluorescence change. The results demonstrated that the turn-on fluorescence is attributed to the decaging of DNAzyme and subsequent Na + -induced cleavage. Caging is critical in this work to avoid non-specific cleavage before the sensor enters the cell.
In addition to intracellular sensing, blood and serum present another important biological matrix for diagnostic application. Serum mainly contains four types of metal, Ca 2+ , Mg 2+ , Na + and K + . The concentrations of these metals are strictly controlled, and any deviation is a sign of physiological disorder. Therefore, their concentration monitoring is important in medicine. We recently studied the stability of a DNAzyme in undiluted serum and also performed an in vitro selection in serum [17, 101] . We found that DNAzymes can work stably in serum with minimal degradation and a few mutants of the 8-17 DNAzyme showed substantial activity due to the presence of Ca 2+ and Mg 2+ . One major issue for fluorescent sensing in serum is the light adsorption and scattering by serum matrixes. In this regard, the lateral flow technology is a powerful tool, which usually uses gold nanoparticles for color production and separates the molecular recognition from detection spatially. The concept of developing DNAzyme-based lateral flow sensors has been demonstrated [102, 103] . 
Bacterial and cancer cell sensing
Bacterial detection is an important diagnostic task, since bacterial infection is responsible for many infectious diseases and posts serious threats to public health. To use DNAzymes for bacterial detection, the Li group have performed in vitro selection to isolate RNA-cleaving fluorescent DNAzymes (RFDs) that respond to the crude extracellular mixture (CEM) produced by certain bacterial pathogens [104] . In their selection library, fluorophore and quencher are labeled just adjacent to the single RNA cleavage site, so that the obtained DNAzymes are coded with signaling capabilities without the need of further sensor design ( Figure 6A ). The resulting DNAzymes should contain two domains in their catalytic core: the CEM binding domain for allosteric control of the DNAzyme activity, and a catalytic domain for hydrolytic reaction. The RFD was then optimized to detect bacterial down to 1 colony-forming unit (CFU) after 4 h of culturing [105] , and was also used for other detection platform [106] . To visualize the bacterial concentration, Li and coworkers extended the enzyme strand to hybridize with a urease tagged DNA and immobilized the DNAzyme on a magnetic bead ( Figure 6B ) [107] . The cleavage reaction released urease into solution, which subsequently catalyzed the hydrolysis of urea into carbon dioxide and ammonia to raise solution pH value. The pH change can be visualized by litmus dye to produce colorimetric signal. Since each urease can turnover ~10 14 times, another layer of signal amplification was achieved, allowing a detection limit of ~10 3 E.coli cells (without cell culturing) with high selectivity. More recently, the same group further moved forward by reporting a novel DNAzyme that can recognize specific strain of bacterial with exquisite selectivity [108] . They also implemented this selection strategy to isolate DNAzyme for cancer cell detection [109] . To do so, the MDA-MB-231 cell lysates were used as the allosteric element during the selection process, and the resulting DNAzyme can detect cell lysate proteins down to 0.5 μg/mL (equivalent to ∼5000 cell/mL), with high selectivity against other subtypes of breast cancer cells.
Nucleic acids sensing
Another important class of analyte is nucleic acids, for which DNAzymes have also been used. Due to their catalytic nature, DNAzyme-based fluorescent biosensors for nucleic acids are also called catalytic molecular beacons. Compared to traditional molecular beacons, catalytic beacons are advantageous in several aspects. First, catalytic beacons have more choices available for positioning the fluorophore and quencher labels to suppress background signal. Second, after cleavage, the fluorophore can fully release from its quencher to produce a high signal. In addition, since a catalytic reaction is involved, signal amplification can be readily achieved. In an early study, Todd and coworkers developed a real-time DNA detection method by using a procedure called DzyNA-PCR, which allowed the detection of 10 copies of the target [110] . They designed two PCR primers for a target DNA. One primer was encoded with the complement of 10-23 DNAzyme sequence, so that the sense-strand DNAzyme can be generated by PCR amplification. Then, the substrate with fluorophore/quencher flanking the cleavage site was introduced as a reporter for signaling. The amount of fluorescence increase reflected PCR efficiency, which was in turn proportion to the target DNA concentration. To bypass the time-consuming PCR process, Suenaga and coworkers reported a gel electrophoresis method for a specific rRNA in a microbial community [111] . Since the DNAzyme cleaved the substrate in a sequence specific fashion, the relative abundance of a particular rRNA was quantified in a mixed sequence population.
Some elegant methods were also developed through the design of allosteric DNAzymes. It is reported that the DNAzyme activity can be regulated by a DNA effector through modulating the association between enzyme and substrate strand [112, 113] . To do so, one substrate binding arm was designed to have insufficient base pairs to inhibit DNAzyme activity. At the same time, both the substrate and enzyme strands were extended to be partially complementary to the DNA effector ( Figure  7A ). In the presence of the DNA effector, a three-way junction was formed to activate the enzyme. Inspired by this structure, Yasuhiro and coworkers constructed a target-assisted self-cleavage (TASC) probe for DNA detection [114] . Note that this probe used a cis-form DNAzyme to promote target binding, and the signal was generated by labeling fluorophore and quencher nearby the cleavage site. Another way of modulating DNAzyme activity by target DNA is the MNAzyme strategy reported by Todd group (Figure 7B ) [115] . The MNAzyme was produced by splitting a DNAzyme at the catalytic core into two inactive halves. Each half contained a sensor arm that can hybridize with part of the target DNA to assemble an active DNAzyme. An obvious advantage of this design is to have catalytic signal amplification. Each target nucleic acid can activate a DNAzyme, which can cleave many substrates, achieving a detection limit down to 10 copies of the target gene. The design can be coupled with AuNPs to achieve point-of-care detection [116] , and conjugated with cascade enzyme for signal amplification [117] .
Another way of signal amplification for highly sensitive DNA detection is to exploit a strand displacement reaction combined with the MNAzyme concept. Willner and coworkers designed two split DNAzyme halves with two hairpin structures, and introduced a probe hairpin for target binding ( Figure  7C ) [118] . The presence of target DNA opened the probe hairpin, which subsequently triggered the strand displacement reaction to form tandem DNAzyme for multiple substrate cleavage. Such system can detect DNA down to 10 -14 M, which rivals those of protein enzyme-based assays.
Sensing other analytes
Small molecules such as metabolites are an important class of analytes. While antibodies can be raised to bind small molecules, the affinity is usually low and competitive assays are often needed for their detection. In this regard, aptamers provide a useful alternative. Aptamers are single-stranded nucleic acids that can selectively bind target molecules. Compared with antibodies, aptamers have comparable or even better target binding affinity for small molecules. As such, aptamers have attracted significant attention for diagnostic applications [119] .
Coupling DNAzyme with aptamers can produce sensors for a broader range of analytes while achieving highly specific signals. For example, aptazyme, which is a combination of aptamer and DNAzyme, has enabled the regulation of DNAzyme activity via aptamer binding. Many rational design methods have been developed to couple aptamers to DNAzymes. In one study, Li and coworkers designed an aptazyme sensor for ATP ( Figure 8A ) [120] . They extended one end of the 8-17 DNAzyme with the ATP aptamer, and a competitor DNA was used to block substrate binding. Addition of ATP removed the blocking DNA and facilitated substrate binding. Therefore, the ligand binding was translated to enzyme activation. Because of predictable and tailorable secondary structure of both DNAzyme and aptamer, aptazyme can be constructed with excellent versatility. Many aptamer sequences were integrated into DNAzymes for various target detection [121] [122] [123] . Interestingly, aptazymes for small molecule metabolites have also been found in Nature, and an excellent example is the glmS riboswitch ribozyme [124] . Typically, the riboswitch regulates gene expression by switching its conformation upon target binding, just like an aptamer. The glmS is catalytic riboswitch, in which the target binding activates the mRNA cleavage reaction to down regulate gene expression.
In addition to directly using DNAzymes for target recognition, DNAzymes can also be used only for signal generation. For example, the Tan group developed a concept of DLISA, which refers to the DNAzyme-based ELISA immunoassay system ( Figure 8B ) [125] . In their system, the first antibody was immobilized on a 96-well plate, and the secondary antibody was attached to the surface of zinc-sulfide nanocrystals (ZnS NCs). In the presence of the target, the ZnS NCs was captured on the 96-well plate through the formation of sandwich immunocomplex. The addition of Ag + triggered the cation exchange reaction in nanocrystal to form Ag 2 S and release Zn 2+ into solution, which subsequently activated the DNAzyme for substrate cleavage. Such a design was applied for the human lgG detection, with a detection limit of 2 fg/mL (3×10 -17 M). In another study, DNAzyme was coupled with glucose oxidase (GOx) for sub-mM glucose detection in biological samples [126] . This sensor was designed based on the fact that the DNAzyme required both Cu 2+ and H 2 O 2 for activity [127, 128] . The GOx can quantitatively catalyze glucose forming gluconic acid and H 2 O 2 , and the product was exploited by DNAzyme for substrate cleavage in presence of sufficient Cu 2+ .
Beyond fluorescence signaling
Most of the above examples used fluorescence for signaling. While fluorescence is sensitive, a fluorometer is needed for quantitative detection. Therefore, developments have also been made to use other signaling mechanisms. The most successful commercial biosensors are for glucose detection using electrochemistry. The glucose meters have already been engineered to a highly accurate and user-friendly stage at a low cost. Bearing this in mind, the Lu group reported a general design of using personal glucose meter (PGM) to quantify aptamer binding information and DNAzyme activity [129] . To do so, the DNAzyme substrate was elongated to hybridize with an invertase bearing DNA, and the DNAzyme was immobilized onto magnetic bead for separation ( Figure 8C ). The cleavage reaction released the invertase-labeled DNA from bead into solution to catalyze the hydrolysis of sucrose into glucose, which is then quantified by a glucose meter. This method was then adapted to other DNAzymes for various metal detection [130] .
Finally, magnetic signal is quite desirable for theranostics signaling since it can achieve deep tissue penetration for non-invasive three-dimensional in vivo imaging. The Lu group has attached DNA to both Gd 3+ -based contrast agents and superparamagnetic iron oxide nanoparticles to produce smart MRI contrast agents responsive to various analytes [131] [132] [133] . In one example, they conjugated a Gd-DOTA contrast agent on the substrate of the UO2 2+ -dependent DNAzyme, and streptavidin was labeled at the corresponding enzyme strand. Upon cleavage reaction, the Gd-DOTA label moved away from streptavidin, resulting in a change of its relaxivity for UO 2 2+ quantification, with a detection range from 0.2 to 2 μM [134] . 
Theranostic DNAzymes
So far, we have reviewed some representative applications of DNAzyme in therapeutics and diagnostics in separate windows. Examples of combining these two aspects are emerging. An excellent example of using oligonucleotides to develop theranostics is reported by Mirkin and co-workers, who constructed a nanoflare for simultaneously mRNA silencing and detection ( Figure 9A ) [135] . An anti-sense DNA was densely functionalized on AuNPs surface, and a fluorophore-labeled "flare" oligonucleotide was hybridized with part of the antisense DNA with fluorescence quenching. After entering cell, the antisense DNA hybrids with the mRNA to block its activity. At the same time, the flare oligonucleotide is released, resulting in a dose-dependent fluorescence increase. While the use of DNAzyme for this purpose is still to be demonstrated, in principle it should be feasible. For example, although not yet demonstrated, the above nanoflare concept can be readily adapted to DNAzyme by replacing the antisense DNA with DNAzyme ( Figure 9B ). Such a construct has already been used for delivery of DNAzymes [92] , and for intracellular sensing of metal ions [90] . It is quite straightforward to achieve theranostic goal with this design.
In addition to covalent linking, physisorption of DNA on nanomaterials can also achieve theranostic applications. For example, Min and co-workers adsorbed a fluorophore labeled DNAzyme on graphene oxide (GO) to construct a theranostic DNAzyme ( Figure 9C ) [93] . In the presence of the target mRNA, the DNAzyme hybridizes with the mRNA and is released from GO, with fluorescence increase for mRNA detection. Then the formation of DNAzyme complex cleaves the mRNA. Other nanomaterials can allow more sophisticated designs.
For example, Willner and coworkers encapsulated a series of fluorophores into mesoporous SiO2 nanoparticle, and then caped the pore by DNAzymes ( Figure 9D ) [136, 137] . In the presence of the target metal, the DNAzymes were activated to cleave the substrate, which broke the cap to allow contents release. Such system holds the promise for the design of theranostic platforms, in which the analyte activates DNAzyme to produce detectable signal, and at the same time drugs are released for therapeutic functions.
Delivery of DNAzymes
Just like other nucleic acid based therapeutics and diagnostics, DNAzymes also face considerable challenges related to its in vivo delivery. Two main issues need to be addressed for their successful in vivo applications: stability and intracellular penetration. DNAzymes are nucleic acids, which are liable to digestion by endo-and exo-nucleases. In addition, the negative charged phosphate backbone presents a primary barrier for cellular uptake due to electrostatic repulsion from cell surface [138] . Numerous advances have been made in developing strategies for DNAzyme in vivo delivery, which can either protect it from degradation or facilitate it cellular uptake. While DNAzyme is preferred over ribozyme for in vivo applications, the lifetime of unmodified DNAzyme is still relatively short [139] , rendering its function only within the relevant time period. To increase DNAzyme stability, a potent solution is chemical modification [140] . The phosphorothiolate DNA, 2′-O-Me-RNA modification and 3′-3′ inverted nucleotides have been demonstrated to remarkably enhance DNAzyme resistance to exonucleolytic degradation without compromising its catalytic activity [141] [142] [143] . Conjugate DNAzymes with polyamines and peptides, terminal modification of N3′-P5′ phosphoramidate bonds were also reported to enhance stability [144, 145] . It is also known that the L-formed DNA is more stable to resist nuclease digestion than naturally occurring D-form DNA [146] . Based on this fact, Tan and coworkers constructed L-DNAzyme using L-DNA [147] . This DNAzyme maintained its activity with L-DNA substrate, while the biostability was significantly improved. Therefore, its application is less affected by biological matrixes from cell or serum [148] .
To deliver DNAzymes into cell, several methods have been developed. The standard method relies on cationic polymers for transfection [149] . In this case DNAzymes are merely regarded as a general nucleic acid without considering its characteristics. While this method can achieve high delivery efficiency, a subsequent release step is required before DNAzyme can perform its functions. In addition, cationic polymers or liposomes are quite toxic to cells.
By attaching a high density of DNA to AuNPs, the Mirkin group discovered three important features: 1) such AuNPs can enter cells without the need of cationic transfection agents [87] ; 2) AuNP can enhance DNA stability against nuclease cleavage [89] ; and 3) the DNA binding affinity to its target DNA is also improved [150] . Motivated by these observations, several ribozymes and DNAzymes have been delivered into cell using AuNPs [90] [91] [92] . Additional advantages of AuNPs are large DNA loading capacity and strong fluorescence quenching efficiency, which make them attractive for DNAzyme theranostic applications [135] . Non-thiolated DNA with a poly-A block can also be attached to AuNPs [151] [152] [153] . This method was used for immobilizing DNAzymes, and the spacing between each DNAzyme can be precisely regulated by controlling the length of the poly-A sequence, which allows for tunable and enhanced DNAzyme activity [154] . As other delivery vehicles, the internalized AuNPs have to escape from endosomes/lysosomes to exert their function. Other materials, such as cationic polypeptide [44] , iron oxide nanoparticles (IONPs) [155] , and GO [93] , have also been used for intracellular delivery. With the development of DNA nanotechnology, various DNA nanostructures with well-defined dimensions and shapes have been reported as potential carriers for DNAzyme in vivo delivery. For example, DNA tetrahedron nanostructures were found to readily enter mammalian cells without the use of transfection agents [156] . Based on this, a DNAzyme was grafted to a DNA tetrahedron for intracellular imaging of metal ions [157] . Tan and coworkers reported a DNA dendrimer scaffold that can efficiently deliver DNAzymes into cells with sufficient stability, excellent biocompatibility and retained DNAzyme catalytic activity [158] .
Conclusions and future perspectives
Theranostics is a relatively young field. The concept of theranostics was coined in 2002 [159] . Most work on this topic has been focused on designing sophisticated inorganic nanomaterials for imaging and therapy at the same time. In this article, we reviewed the progress based on DNAzymes. Although nanomaterials are also involved, they do not play a major role. The field of DNAzyme is 22 years old. Since its inception, DNAzymes were proposed for viral RNA cleavage. Using DNAzymes as biosensors has been practiced for at least 16 years. Although developing DNAzyme-centered theranostic modalities has not received much attention, as outlined here, DNAzymes have a huge potential for such applications. We have reviewed biomedical related work of using DNAzymes.
Based on the current status of the field, we also postulate some future directions that can facilitate the development of DNAzyme-based theranostics. 1) In vitro selection. To make a real biomedical impact, highly active DNAzymes working in biological fluids are needed. For DNAzyme activity, the physiological metal ions availability is a limitation currently. The two main sample matrixes are blood and cytoplasma. Blood has a high Ca 2+ and Na + concentration, while cells have more Mg 2+ and K + . Currently, the best DNAzymes are only ~0.1 min -1 in such conditions even with extensively modified nucleotides. This is however not the chemical limit of in vivo RNA cleavage. Protein nucleases and even ribozymes can be much faster. Therefore, we believe there is still room for selecting new DNAzymes. Exciting developments have already been made by the recently reported Na + and Ca 2+ dependent DNAzymes. A key is to perform selections under conditions to avoid the 8-17 motif. So far, most work used RNA/DNA chimeric substrate containing only a single RNA linkage for analytical applications. The isolated DNAzymes are typically inactive if the substrate is replaced by the full-RNA analog. For practical RNA cleavage, it is likely that new selections using full-RNA substrates are required. 2) Theranostic systems and delivery. Developing theranostic systems based on DNAzyme is a relatively new concept, and only a few examples can be found in the literature at this moment. Most of the studies are still at the cell culture stage. To move to real animal studies, other design considerations need to be made. For example, the fluorescence-based assays will have to use near IR dyes, and magnetic materials might be introduced for MRI based imaging. All these are exciting new opportunities. We already outlined the challenges of intracellular delivery, and the challenges are even larger for delivery in animal models. Developing materials that can reach target organs remains a challenge for the whole nanomedicine field [160] . 3) Involving DNA nanotechnology. A beauty of DNA is its highly predictable structure. By designing DNA sequences, it is possible to form nanoparticles made of purely DNA. This may allow delivery, imaging, and therapy to be achieved in a single material, while avoiding inorganic nanomaterials that may have difficulty to obtain FDA approval. 4) Beyond RNA cleavage. The current discussion has been focused on RNA-cleaving DNAzymes, but other systems can be easily envisioned. For example, DNA-cleaving DNAzymes were also implemented for metal sensing [161] [162] [163] , and their therapeutic potential was demonstrated for DNA excision repair [164] . In addition, aptazymes might be developed to respond to glucose. Upon cleavage, its associated nanocarriers can release insulin. Such a concept has already been demonstrated for metal ions [136, 137] . But to reach a clinical impact, much more work has to be done both fundamentally and to engineer such molecular devices.
